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ABSTRACT
We present a study of the internal kinematics of two globular clusters, M10 (NGC 6254)
and M71 (NGC 6838), using individual radial velocity (RV) measurements obtained
from observations using the Hydra multi-object spectrograph on the WIYN 3.5 m
telescope. We measured 120 RVs for stars in M10, of which 107 were determined
to be cluster members. In M71, we measured 82 RVs and determined 78 of those
measurements belonged to cluster members. Using the cluster members, we determine
a mean RV of 75.9 ± 4.0 (s.d.) km s−1 and −22.9 ± 2.2 (s.d.) km s−1 for M10 and
M71, respectively. We combined the Hydra RV measurements with literature samples
and performed a line-of-sight rotational analysis on both clusters. Our analysis has not
revealed a statistically significant rotation in either of these clusters with the exception
of the inner region (10′′- 117′′) of M10 for which we find hints of a marginally significant
rotation with amplitude Vrot = 1.14 ± 0.18 km s−1. For M10, we calculate a central
velocity dispersion of σ0 = 5.44 ± 0.61 km s−1, which gives a ratio of the amplitude
of rotation to the central velocity dispersion Vrot/σ0 = 0.21 ± 0.04. We also explored
the rotation of the multiple stellar populations identified in M10 and M71 and found
rotation (or lack thereof) in each population consistent with each other and the cluster
global rotation signatures.
Key words: globular clusters: general - globular clusters: individual (M10, M71) -
stars: kinematics and dynamics
1 INTRODUCTION
A growing number of observational studies based on large ra-
dial velocity surveys and proper motion measurements from
the Hubble Space Telescope and the Gaia mission are shed-
ding light on the internal kinematics of globular clusters and
revealing a complex dynamical picture characterized by the
presence of internal rotation and anisotropy in the velocity
distribution (see e.g. Lane et al. 2011, Bellazzini et al. 2012,
Fabricius et al. 2014, Watkins et al. 2015, Kimmig et al.
2015, Gaia Collaboration 2018, Kamann et al. 2018, Fer-
raro et al. 2018, Bianchini et al. 2018, Jindal et al. 2019,
Sollima et al. 2019).
On the theoretical side, a number of studies of the dy-
namical evolution of globular clusters have clearly shown
that a complete characterization of the phase space of these
stellar systems is essential to understand the role played by
? nbarth@ufl.edu
internal dynamical processes and the interaction with the ex-
ternal tidal field of the host galaxy in shaping their current
observed properties. In particular, the results of numerical
and theoretical investigations have shown that the extent of
radial anisotropy in the velocity distribution is linked to the
cluster’s initial structure and its mass loss history (see e.g.
Tiongco et al. 2016) and that as a cluster evolves, angular
momentum redistribution and loss due to escaping stars im-
ply that the present-day internal rotation is a lower limit
on the amount of initial rotation at the time of the cluster’s
formation (see e.g. Einsel & Spurzem, 1999, Ernst et al.
2007, Hong et al. 2013, Tiongco et al. 2017, Tiongco et al.
2019, and references therein).
The discovery of multiple stellar populations distin-
guished by differing abundance patterns of light elements
such as C, N, O, Na, O, Mg, and Al (see e.g. Gratton et
al. 2012, Gratton et al. 2019 and references therein) has
raised new questions in the study of globular clusters and
added another complex layer to their characterization. The
© 2020 The Authors
ar
X
iv
:2
00
4.
07
30
5v
1 
 [a
str
o-
ph
.SR
]  
15
 A
pr
 20
20
2 N. Barth et al.
kinematic properties of multiple populations can contain key
information on their formation and dynamical history and
a few initial observational studies have revealed interesting
differences in the kinematics of the multiple stellar popula-
tions. Richer et al. (2013), Cordero et al. (2015), Bellini et
al. (2015), Bellini et al. (2018), Milone et al. (2018), and
Cordoni et al. (2020) used proper motion measurements
based on, respectively, HST and Gaia data to show that
second-generation stars are characterized by a more radially
anisotropic velocity distribution than first-generation stars,
a result consistent with the expected kinematic evolution if
second-generation stars formed more centrally concentrated
than the first-generation population. Cordero et al. (2017)
studied the rotational properties of the multiple populations
of M13 and found a stronger rotation for the extreme sec-
ond generation population (see e.g. Bekki 2010, Bekki 2011
for simulations predicting a stronger rotation for second-
generation stars forming in a rotating first-generation clus-
ter). An interesting difference between the velocity disper-
sion of first- and second-generation stars possibly due to
differences in the properties of binary stars of the two pop-
ulations has been reported recently by Dalessandro et al.
(2018).
Differences in the phase space properties of multiple
populations can be gradually erased during the cluster’s
long-term dynamical evolution and indeed a few studies (see
e.g. Bellazzini et al. 2012, Libralato et al. 2018) have found
clusters in which multiple stellar populations are character-
ized by similar spatial and kinematic properties. It is im-
portant to point out, however, that stronger differences may
be present in the clusters’ outermost regions which are not
included in most observational studies. Wide-field studies of
globular clusters’ spatial and kinematic properties spanning
a broad range of radial distances will be needed to build
a complete picture of the dynamical properties of multiple
populations.
In an effort to further explore the rotation properties of
globular clusters and their multiple populations we present
here results of a study of M10 (NGC 6254) and M71 (NGC
6838). The rotation of M10 was studied by Ferraro et al.
(2018) as part of the MIKiS survey, and both clusters were
studied in the Gaia survey for internal rotation using proper
motions (Sollima et al. 2019). The results from Sollima et
al. (2019) do not reveal any rotation in M10 and find a 2σ
rotation detection in M71 (see Sollima et al. 2019 for a sum-
mary of all the studies of rotation in M10 and M71 and
other clusters). Both M10 and M71 have been studied for
the properties of their multiple populations (Carretta et al.
2009b, Gerber et al. 2018, & Gerber et al. 2020).
The two GCs have other properties that make them
interesting objects to study. M10 is a nearby halo GC with
a disk-like motion around the galaxy (Chen et al. 2000).
M71, on the other hand, is a well-studied, metal-rich GC
with a low Galactic latitude (Cudworth 1985). Gaia data
analyzed by Baumgardt et al. (2019) indicate that orbits
for both clusters are confined within the solar circle, with
M10 reaching a radial distance of only 4.6 kpc, while M71
orbits between ∼5 to 7 kpc from the Galactic center. A study
of their kinematics allows for insight into how the Galaxy’s
tidal field affects their structural evolution (see e.g. Cadelano
et al. 2017 for a study suggesting that M71 is likely to have
lost a large fraction of its initial mass).
This paper is organized as follows. In Section 2 we dis-
cuss our observational data and radial velocity (RV) mea-
surements, including the literature sources from which we
obtained additional RV measurements for M10 and M71.
The procedure followed to determine the rotational proper-
ties and the results obtained for each cluster are described
in Section 3. Finally, in Section 4 we offer final thoughts and
discuss future work to continue research in GC kinematics.
2 OBSERVATIONS AND DATA REDUCTION
2.1 Observations and Target Selection
Using the Hydra multi-object spectrograph at the
Wisconsin-Indiana-Yale-NOAO1 (WIYN) 3.5 m telescope,
we obtained observations of stars in M10 and M71 on two
separate observing runs: 24 Jun. 2016 and 11-13 Jun. 2017.
We used echelle grating “316@63.4” for a dispersion of 0.16
A˚ pix−1 (7.7 km s−1 pix−1), over the wavelength range from
6030 A˚ to 6350 A˚.
One of the main goals of this work was to explore any
possible differences in the kinematics between the two popu-
lations that are known to exist in each cluster (Cordero et al.
2015, Carretta et al. 2009a, Carretta et al. 2009b, Gerber et
al. 2018, Bowman et al. 2017, Gerber et al. 2020). While the
radial velocities measured by Carretta et al. (2009a) and
Carretta et al. (2009b) in M10 come from high resolution
spectroscopy and are precise enough to use to determine
population kinematics such as rotation, the studies by Ger-
ber et al. (2018) and Gerber et al. (2020) used low resolution
spectroscopy to classify stars based on molecular CN band
features. These low resolution radial velocities do not have
the precision necessary to measure the relatively small rota-
tion signatures observed in GCs. Therefore, our main sample
focused on observing stars in M10 and M71 that had clas-
sification information from Gerber et al. (2018) and Gerber
et al. (2020), but required high resolution follow up to de-
termine more precise radial velocities.
In addition, we measured 21 stars in common with Car-
retta et al. (2009a) and Carretta et al. (2009b) from M10
and 11, 12, and 5 stars in common with various studies from
M71 (Carretta et al. 2009a, Cordero et al. 2015, Cohen et
al. 2001, respectively) to determine any possible systematic
offsets in radial velocities measured by either study. If there
were any unused fibers in a configuration, we placed them
on stars that were previously unmeasured in the literature.
Even though these stars did not have population informa-
tion, they could be used to increase our sample size for our
determination of the overall rotation of each cluster.
The sample of stars in each cluster covers the full extent
of the red giant branch (similar to Gerber et al. 2018 and
Gerber et al. 2020), with a faint limit of a V magnitude of
18. To prevent bright stars from over-saturating, we divided
our configurations into bright and faint configurations. For
M10, we defined a V magnitude of 15 < V < 17.5 for the
faint configuration and a V magnitude of 11.5 < V < 15
1 The WIYN Observatory is a joint facility of the University of
Wisconsin-Madison, Indiana University, the National Optical As-
tronomy Observatory, University of Missouri, and Purdue Uni-
versity.
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for bright. Similarly, in M71, the faint configuration was
between 15 < V < 18 and the bright configuration was
12 < V < 16. Faint configurations were exposed for a total
integrated exposure time of 20-30 minutes. Bright configu-
rations were exposed for a total integrated exposure time
of 10 minutes. These total exposure times were designed to
reach a minimum signal-to-noise ratio of approximately 15
for all stars in our sample. In total, we observed 141 stars in
the field of M10 and 108 stars in the M71 field.
2.2 Data Reduction and Radial Velocities
The data were reduced using the Image Reduction and Anal-
ysis Facility (IRAF)2 and the dohydra task. Flat fielding,
wavelength calibration with a ThAr comparison lamp spec-
trum, and extraction of one-dimensional spectra were all
performed with dohydra. Multiple exposures of a star’s spec-
trum were combined into a single spectrum that was used for
RV measurements. RV standards were also observed on both
the 2016 and 2017 observing runs (HD182488, HD194071,
and HD212943). The one-dimensional spectra and RV stan-
dards were then cross-correlated with the IRAF package fx-
cor.
In M10, we were unable to find a reliable RV measure-
ment with fxcor for 18 stars, due to low signal-to-noise or
other problems with the spectra. To identify radial velocity
members, we then divided the remaining stars into radial
bins that contain a similar number of stars, formed the mean
velocity in that bin, and removed stars that fell outside of
3σ from the mean. σ values in individual bins were simi-
lar to the σ about the overall mean RV of the cluster. This
process excluded an additional 13 stars from the rotational
analysis. Finally, in the case of multiple RV measurements
for a single star, we averaged them for a final RV value. M10
had 3 duplicate measurements that were within the σ cut.
In the end, we obtained RV measurements for 107 member
stars in M10 with a mean RV of 75.9 ± 4.0 (s.d.) km s−1.
In M71, we were unable to determine reliable RV mea-
surements for a total of 22 stars. We followed the same pro-
cedure as in M10, where we excluded 4 stars from the ro-
tational analysis because they fell outside of a 3σ range in
radial bins. The 3 duplicate measurements were combined
yielding a total of 78 stars assumed to be members of M71,
with a mean RV of −22.9 ± 2.2 (s.d.) km s−1.
The benefit of multiple exposures and observation runs
was the presence of multiple measurements of stars to gauge
the uncertainty of our RV measurements. Each star was
cross-correlated against three RV standards, leading to three
measurements of RV and RV uncertainties. The typical stan-
dard deviation among the RV measurements was 0.5 km s−1,
and we adopt that standard deviation as the individual error
associated with each measurement. The typical fxcor errors
were larger by almost a factor of two, which is consistent
with Cote et al. (1994) and Reijns et al. (2006). Across the
two observation runs, the rms of the ∆RV between multi-
ple measurements was 1.2 km s−1. While larger than the 0.5
2 IRAF is distributed by the National Optical Astronomy Obser-
vatories, which is operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
km s−1 uncertainty, this higher rms is likely a result of the
magnitudes of the stars with multiple measurements, which
place them near the faint limit of our bright configurations,
causing them to have a slightly lower S/N and higher mea-
surement uncertainty than typical. The higher rms is also
heavily influenced by one of these stars, which had a 2 km
s−1 difference between the 2016 and 2017 run. The other RV
measurements have a <1 km s−1 difference.
Figures 1 and 2 show the RV distribution of stars in the
two clusters as a function of radial distance from the cluster
center. A list of objects observed with coordinates, photom-
etry, measured heliocentric RVs, RV errors, and membership
information can be found in Table 1 and Table 2 for M10
and M71, respectively.
2.3 Literature Studies
As shown in many studies (see e.g. Ferraro et al. 2018) an ac-
curate characterization of the rotational properties of glob-
ular clusters requires data for hundreds of stars; in order to
maximize the number of stars used in our analysis, we com-
bined our data with published radial velocity studies for M10
and M71. This increased our ability to detect rotation within
the two clusters, and also minimized the chance of finding
false signals of rotation from small sample sizes. Since a ma-
jor goal was to study the similarities and differences between
the rotational properties of the two populations that have
been identified in each cluster (Cordero et al. 2015, Carretta
et al. 2009a, Carretta et al. 2009b, Gerber et al. 2018, Bow-
man et al. 2017, Gerber et al. 2020), we limited our selection
of literature samples only to those that include information
on the multiple populations within M10 and M71.
2.3.1 M10 Literature Values
By including the radial velocity measurements of 161 stars
in M10 from Carretta et al. (2009a) we were able to double
the sample of stars in our rotational analysis of M10. The
two samples are of comparable size, but Figure 1 shows that
the Hydra sample extends and provides relatively more stars
in the outer regions of M10 than the Carretta et al. (2009a)
data. Combining the samples allows us to study possible
radial changes in rotation signatures.
Carretta et al. (2009a) find a mean cluster velocity of
73.8 ± 4.96 km s−1, suggesting a systematic offset from our
velocities, which give a mean of 75.9 ± 4.0 km s−1. Multiple
measurements of stars in common allowed us to assess any
systematic offsets between the data sets. Between the two,
21 stars were found in common yielding an average differ-
ence of RV (Hydra−Carretta) = 1.06 ± 1.07 (s.d.) km s−1.
The standard error of the mean is 0.23 km s−1 indicating
an offset in velocities significant enough to adjust for. Since
the data obtained from the Hydra spectrograph were our
primary source, we adjusted the data from Carretta et al.
(2009a) by 1.06 km s−1 to put the data sets on a common
velocity scale. In cases where multiple measurements exist,
we used the Hydra measurements. After correcting for the
multiples between the two data samples, we had a total of
109 stars from our Hydra measures, and 118 stars from Car-
retta et al. (2009a). We used a combined, and now unique,
set of 225 stars to perform our rotation analysis of M10.
MNRAS 000, 1–12 (2020)
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Table 1. M10 Hydra Data 1. Pollard et al. (2005) 2. Populations are numbered as (1): First Generation stars, (2): Second Generation
Stars, (0): No information about the star’s population (Gerber et al. 2018, Carretta et al. 2009a, Carretta et al. 2009b). The complete
table is available online.
ID1 RA1 DEC1 V1 B−V1 RV RV Error Pop.2 Membership
(J2000) (J2000) (mag) (mag) (km s−1) (km s−1)
9 254.29483 -4.07889 11.85 1.52 81.5 0.36 2 y
11 254.25158 -4.10039 11.88 1.63 75.6 0.17 1 y
14 254.38488 -4.05022 12.00 1.61 78.3 0.12 2 y
15 254.28967 -4.12286 12.01 1.45 85.0 0.32 2 y
26 254.27817 -4.05294 12.42 1.17 70.1 0.29 2 y
28 254.32108 -4.22408 12.46 1.48 74.7 0.23 2 y
33 254.39517 -4.11894 12.60 1.42 76.7 0.18 1 y
36 254.31013 -4.18647 12.65 1.42 77.0 0.21 1 y
43 254.26158 -4.17247 12.78 1.36 73.2 0.15 1 y
45 254.26938 -4.10947 12.79 1.39 78.7 0.16 2 y
47 254.15200 -4.23894 12.96 1.23 115.1 0.60 0 n
49 254.30721 -4.14314 12.84 1.10 77.2 0.32 1 y
63 254.29658 -4.05533 13.05 1.01 74.1 0.29 2 y
65 254.30013 -4.10028 13.07 1.16 75.9 0.17 1 y
73 254.35779 -4.10489 13.19 1.31 73.2 0.19 1 y
83 254.22775 -4.14875 13.35 1.22 82.9 0.32 1 y
84 254.23963 -4.11397 13.35 1.23 75.7 0.19 2 y
88 254.22646 -4.09336 13.41 1.23 75.8 0.13 2 y
0 2 4 6
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Carretta
10 20 30 40
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RV Mean: 75.25 km s 1
Figure 1. RVs, including those from Carretta et al. (2009a), of
M10 as a function of radial distance from the cluster center in
terms of half-mass radius (rh = 117
′′(Harris, 1996, 2010 Edi-
tion)). The dashed line represents the mean of the entire sample.
Carretta et al. (2009a) values have been adjusted for the offset
between the studies as described in the text.
2.3.2 M71 Literature Values
For M71, we used three literature data sets in order to max-
imize the number of stars for our analysis (Carretta et al.
2009a, Cordero et al. 2015, Cohen et al. 2001). From Car-
retta et al. 2009a, 36 stars in M71 had RV measurements
with a mean of −23.2 ± 2.66 km s−1, suggesting there is no
offset when compared to the Hydra mean RV of −22.9 ± 2.2
km s−1. Cordero et al. (2015) measured velocities for 35 stars
with a mean RV of −22.5 ± 2.57 km s−1. Cohen et al. (2001)
measured 25 stars with a mean RV of −21.1 ± 3.40 km s−1.
Stars in common between each of the studies allowed us
to access possible systematic differences in velocity scales.
There exist 11, 12, and 5 multiple measurements for stars
between our data and Carretta et al. (2009a), Cordero et
al. (2015), and Cohen et al. (2001) respectively. As can be
seen in Table 3, the averages of the differences in velocities
between the stars in common are close to 0. For this reason,
we decided to use the data from each set unaltered from their
literature values. As we did for M10, we used Hydra values
when available and, in the case of multiple literature values,
we took an average of available sources. This process resulted
in a total of 129 stars in the M71 sample. The literature
samples of M71 are comparable to the Hydra sample up
to ∼ 1rh, while the Hydra sample contributes many more
measurements in the outer region, out to 1.7rh.
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Table 2. M71 Hydra Data 1. Cudworth (1985). 2. Populations are numbered as (1): First Generation stars, (2): Second Generation
Stars, (0): No information about the star’s population (Gerber et al. 2020). The complete table is available online.
ID1 RA1 DEC1 V1 B−V1 RV RV Error Pop.2 Membership
(J2000) (J2000) (mag) (mag) (km s−1) (km s−1)
1-102 298.43729 18.77303 14.33 1.09 -21.4 0.25 2 y
1-106 298.43329 18.77564 14.36 0.89 -22.3 0.60 1 y
1-111 298.40171 18.77565 14.89 1.32 -22.3 0.50 2 y
1-113 298.44063 18.77565 12.43 1.80 -22.1 0.50 1 y
1-18 298.46617 18.76811 14.43 1.07 -24.9 0.41 1 y
1-19 298.46308 18.76964 14.40 1.06 -24.1 0.31 2 y
1-2 298.46433 18.75703 14.79 1.23 -24.8 0.50 1 y
1-23 298.47258 18.77464 15.03 1.22 -20.8 1.03 1 y
1-34 298.45779 18.78342 14.45 1.05 -25.7 0.60 2 y
1-38 298.45396 18.78717 15.06 1.24 -51.9 0.47 0 n
1-42 298.44733 18.78789 14.22 1.02 -20.4 0.60 2 y
1-44 298.44646 18.80044 13.44 1.34 -20.9 0.37 1 y
1-45 298.45113 18.80061 12.36 1.76 -19.9 0.50 2 y
1-46 298.46463 18.80172 12.29 1.75 -24.6 0.50 1 y
1-48 298.48175 18.80239 14.39 1.07 -24.1 0.28 2 y
1-53 298.46096 18.81881 12.97 1.61 -24.8 0.50 2 y
1-54 298.45158 18.81258 14.49 1.03 -23.3 0.30 1 y
1-56 298.45117 18.80712 13.14 1.38 -21.3 0.42 2 y
0.0 0.5 1.0 1.5
r/rh
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25
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Mult RV Meas.
10 20
N
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Figure 2. As in Figure 1 but for M71, the radial velocity mea-
surements are plotted as a function of half mass radii (rh =
146.2′′(Cadelano et al. 2017)) from the cluster center. The dashed
line represents the mean cluster velocity. Stars observed with Hy-
dra are denoted as blue circles. Stars with measurements from
Carretta et al. (2009a), Cordero et al. (2015), and Cohen et al.
(2001) are indicated as in the legend. If a star has multiple RV
measurements in the literature, with no Hydra measurement, then
it is plotted as a black dot and is the average of the multiple val-
ues.
Table 3. RV Multiple Measurements. 1. Offsets for our Hy-
dra data come from multiple measurements between the 2016 and
2017 observing runs.
GC Data Set # Stars in ∆〈RV〉 σ
Common (km s−1) (km s−1)
M10 Hydra1 3 0.7 1.6
M10 Carretta 21 1.06 1.07
M71 Hydra1 3 0.4 0.9
M71 Carretta 11 0.0 1.5
M71 Cordero 12 -0.6 0.4
M71 Cohen 5 0.0 0.9
3 ANALYSIS AND RESULTS
3.1 Methods
We used equation 8 from Walker et al. (2006) as a log-
likelihood function to estimate the mean velocity 〈u〉 and
velocity dispersion σp of a sample of stars (similar to the
MNRAS 000, 1–12 (2020)
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method used by Kacharov et al. (2014)). The log-likelihood
function from Walker et al. (2006) is shown in Equation 1.
ln(p) = −1
2
N∑
i=1
ln(σ2i + σ2p) −
1
2
N∑
i=1
(vi − 〈u〉)2
(σ2
i
+ σ2p)
− N
2
ln(2pi) (1)
In Equation 1, vi and σi are the measured quanti-
ties representing the individual RVs and their errors, re-
spectively. In order to estimate 〈u〉 and σp, we used the
Metropolis-Hastings algorithm (Hastings, 1970) to sample
the values that maximize Equation 1. Our final estimates
for 〈u〉 and σp were taken as the mean of the individual
marginalized distribution of each parameter resulting from
the Metropolis-Hastings algorithm. The error on each pa-
rameter was estimated as the standard deviation of each of
their respective distributions. This method allows us to take
the measurement error, and radial velocity dispersion, into
account when determining these characteristics of a given
sample.
Using the method outlined above, we measured the
mean velocity on either side of a line bisecting the cluster.
These mean velocities were then subtracted from one an-
other to form the value ∆〈RV〉. To estimate the error on this
quantity we added the errors on the mean of the velocities
on each side of the line in quadrature.
The line is then rotated counter clockwise in steps of
20◦, where the ∆〈RV〉 is determined at each PA. The ∆〈RV〉
as a function of PA is fit by the following expression,
∆〈RV〉 = Arotsin(PA + φ) (2)
Arot is defined as the amplitude, while φ is the phase
of the sine curve fit to the data, where the position angle,
PA0 = 270 - φ, defines the orientation of the cluster’s axis of
rotation (see e.g. Boberg et al. 2017). In the sine curve fit,
PA0 corresponds to the first minimum and the actual ampli-
tude of rotation measure is Arot/2 (hereafter Vrot). In the
interpretation of the rotation amplitude, it is important to
consider that the rotational velocity measured is Vrotsin(i)
and with no knowledge of the inclination, i, Vrot provides
only a lower limit to the actual rotational velocity.
3.2 Rotational Velocity Analysis
A few studies have explored the dependence of the internal
rotational velocity of globular clusters on the distance from
the clusters’ centers; the typical rotational curves found in
these studies are characterized by an inner portion of the
profile in which the rotational velocity increases with the
distance from the center, a peak in the rotational velocity
at a distance of about 1-2 half-mass radii and a declining
rotation in the cluster’s outer regions (see e.g. Boberg et al.
2017, Lanzoni et al. 2018a; see also Lanzoni et al. 2018b for
an interesting cluster characterized by solid-body rotation
over the entire radial range studied from its center to about
4 half-mass radii).
The number of stars available for each cluster in our
study allows only a coarse characterization of the radial vari-
ation of the cluster’s internal rotation; specifically we have
used the half-mass radius as the point separating the inner
portion of the cluster from the outer. We found rotation
curves for the stars within rh, outside of rh, and the cluster
as a whole. For M10 we adopt rh = 117′′(Harris, 1996, 2010
Edition), and for M71, rh = 146′′(Cadelano et al. 2017).
In Figure 3 we show the rotation curves and spatial
distribution of samples in the inner, outer, and entire cluster
for M10. The rotation curves are fit to the sine curve of
Equation 2, and the axis of rotation (PA0) is taken as the
first minimum of the curve. We find the maximum rotation
signature in the inner region enclosed between 10′′and the
half-light radius. In this region, the amplitude of the rotation
curve is ∼2 km s−1 at a PA0 of 205◦. No rotation is found
in the innermost 10′′(which include only three stars), in the
outer region between rh and 5.8rh, and for the entire sample
at all radii. Table 4 gives the results of the fits and analysis,
with bin size used for each region in terms of half-mass radius
and the number of stars used in each bin for M10. The errors
listed for Vrot in Table 4 refer to the formal error in the fit
that is calculated when fitting Equation 2 to the data.
To assess the uncertainty in the orientation axis of ro-
tation in the inner regions of M10, we randomly drew 1000
samples from our data with replacement to create subsam-
ples with the same number of data points as our original
set. We carried out the same rotational analysis on each of
these subsamples to create a distribution of PA0’s. Figure
4 shows a density histogram of the sampling, from which a
dispersion and error on the mean can be obtained for the
average position angle found in the inner region of M10. Us-
ing this method, we found a mean PA0 of 208
◦, a dispersion
of 34◦, and an error on the mean of 1.1◦. The mean PA0
obtained using the bootstrap method agrees with the PA0
of 205◦ found in Section 3.2. For the inner region of M10,
we use this dispersion as our uncertainty in PA0.
A similar rotation amplitude for M10 was found in
the MIKiS study of globular cluster rotation (Ferraro et al.
2018). Using 565 stars to perform a similar rotational anal-
ysis, they were able to determine an amplitude with con-
firming statistics as well. The PA0 they measured is equal
to 225◦ (if calculated with same choice of compass when
assigning position angles as in this paper). While close to
our measured value for the PA0, they also found the highest
Vrot of 1.4 km s−1 in a region 190′′<r<290′′from the cluster
center as opposed to our highest Vrot in the inner region of
10′′<r<117′′. For the outer region of 190′′<r<290′′, Ferraro
et al. (2018) also listed poor t-student test statistics for M10,
with < 90% confidence interval of statistically different RVs
on either side of their PA0 consistent with our results.
Kamann et al. (2018) found no obvious sign of rotation
from a sample of over 9000 stars in the inner region of M10.
Their sample was limited to 0.8 rh, and for the region of
overlap with our sample inner region, showed Vrot values
of ∼ 0.2 to 0.6 km s−1. Their innermost two points, which
are interior to the 10′′ limit of the Hydra data, showed
some evidence of increasing rotation, with values of 1.5 to
2.5 km s−1 but with larger uncertainties (see their figure A1).
Their derived mean PA0 of 143
◦ (corresponding to 127◦ in
our reference frame) reflects results dominated by the inner
regions of the cluster that are not sampled by our data.
We show the rotation curves and spatial distribution for
M71 in Figure 5. Unlike M10, there are no regions within
M71 that show any significant rotation. While the data fol-
low a sinusoidal variation, the low amplitudes and distribu-
tion of points do not reveal a significant rotation. Table 5
MNRAS 000, 1–12 (2020)
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outlines the results of the analysis for M71, where the re-
gion bin size, number of stars, position angle, amplitude of
rotation, and the error to the fit are listed.
Possible rotation in M71 was noted in Cordero et al.
(2015). Kimmig et al. (2015) also completed a rotational
analysis of M71 and reported a lack of rotation. The weak
rotation signature of M71 could be a result of the effects of
internal dynamical evolution and significant mass loss (see
e.g. Cadelano et al. 2017 for possible evidence that M71 has
lost a significant fraction of its initial mass).
3.3 Statistical Significance of GC Rotation
In order to evaluate the statistical significance of the signa-
ture of rotation found in the previous section we have carried
out a t-student test and a Kolmogorov−Smirnov (KS) test.
The t-student test establishes the significance of the differ-
ence between mean velocities of the two sets of RV mea-
surements on opposite sides of PA0 while the KS test gives
the probability that the two sets are drawn from the same
velocity distribution.
Tables 4 and 5 show the results of these tests for M10
and M71, respectively. Our tests show that the only statis-
tically significant signature of rotation is that found in the
inner regions of M10 (although the statistical significance is
not very strong: p-value of the KS-test is 2.7% and 5.5% for
the t-test). For M71, no region shows significant rotation; a
larger sample size may be needed to establish the statistical
significance of a weak rotation, if present.
3.4 Velocity Dispersion Profiles
In addition to searching for signatures of rotation within
M10 and M71, we also constructed a velocity dispersion pro-
file using the collected RVs. We split the sample of RVs into
radial bins which contained a similar number of stars and fit
the data to a Plummer model (see e.g. Heggie & Hut, 2003).
Within each radial bin we used the method described in sec-
tion 3.1 to get an estimate of the mean velocity and velocity
dispersion (σRV ). This produces a measurement of the ve-
locity dispersion in each radial bin while taking into account
the mean velocity of the stars in the bin, their individual RV
measurements, and errors on the RVs. The following equa-
tion was used to model the velocity dispersion as a function
of radius:
σ2 =
σ20√
1 + r2
r2s
(3)
Where σ0 is the central velocity dispersion and rs is the
scale radius. Figures 6 and 7 show the fit to our sample using
Equation 3 for M10 and M71, respectively. For each cluster,
the fit was done twice, the first using σ0 and rs as free pa-
rameters and the second with rs set equal to the observed
projected half-mass radius, rh (an assumption based on the
fact that for a Plummer model the projected half-mass ra-
dius is equal to rs; see e.g. Heggie & Hut, 2003).
In M10, the first fit resulted in a central velocity dis-
persion of σ0 = 5.44 ± 0.61 km s−1 and a scale radius of
rs = 189 ± 24′′. When rs = rh, the central velocity dispersion
increased to σ0 = 6.1 ± 0.57 km s−1. A similar change in σ0
and discrepancy among the scale radius found by the Plum-
mer model fit and the recorded half-mass radius is noted
in Boberg et al. (2017). These differences suggest more com-
plex numerical or analytical models are needed to accurately
describe these clusters.
Figure 6 also shows data for the velocity dispersion for
M10 from literature sources. Our results agree very well in
all cases, over the full range of radii sampled. The Hydra,
Carretta et al. (2009a), and Carretta et al. (2009b) data
provide an additional point at large distances that contin-
ues the decline in velocity dispersion seen in all studies. In
terms of central velocity dispersion, the values found here
are in good agreement with those reported in the literature:
Kamann et al. (2018) cite a central velocity dispersion of 5.6
± 0.6 km s−1, Ferraro et al. (2018) find 6.0 ± 0.5 km s−1,
and Baumgardt & Hilker (2018)3 find a value of 6.2 km s−1
from direct radial velocities and N−body simulations.
For M71, as seen in Figure 7, the velocity dispersion was
much lower on average than M10, and with little variation
produced a flatter fit. With both σ0 and rs as free parame-
ters, the fit produced a velocity dispersion of σ0 = 2.26±0.37
km s−1 and a scale radius of rs = 235 ± 39′′. Figure 7
also shows literature values from Kimmig et al. (2015) and
Baumgardt & Hilker (2018). We see that the Kimmig et al.
(2015) data extends to significantly larger distances. In spite
of the generally good agreement over the region of overlap,
because of the steeply declining profile in the outer region,
the Kimmig et al. (2015) estimate of σ0 is somewhat higher
than what we find, at 3.1 ±0.5 km s−1.
Data from Baumgardt & Hilker (2018) show a clear
decline in velocity dispersion with radius, but at values that
are slightly high relative to the other studies, particularly at
the innermost and outermost bins. We note that a difference
in membership selection criteria may explain some of these
differences. We applied a fairly strict criterion in proper mo-
tion membership (probability > 70% based on Cudworth
1985 and private communication); less strict criteria applied
by Baumgardt & Hilker (2018) might result in the inclu-
sion of stars we would have eliminated, and elevate velocity
dispersions as a result. Given these differences, it is not sur-
prising that the central velocity dispersion of 3.0 km s−1
(Baumgardt & Hilker 2018 and web updates), is somewhat
higher than our determination of 2.3 km s−1.
3.5 Multiple Populations
As discussed in the Introduction, the rotational properties
of multiple populations can provide key information neces-
sary to shed light on the formation and dynamical history of
multiple-population clusters (see e.g. Bekki 2010, Henault-
Brunet et al. 2015, Mastrobuono-Battisti & Perets 2013,
Mastrobuono-Battisti & Perets 2016, Tiongco et al. 2019).
For this reason, in addition to searching for global rotation
in M10 and M71, we also conducted a rotation analysis of
the individual populations of each cluster. By comparing the
rotation profiles of two separate stellar populations, we can
3 In both Figures 6 and Figure 7, we show
the updated values reported on the website
https://people.smp.uq.edu.au/HolgerBaumgardt/globular/veldis.html
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Figure 3. Rotation curves and spatial distribution for the entire sample of M10 stars with RV measurements. The top panel refers to
stars inside rh (117”), the middle panel refers to stars outside rh , and the bottom panel refers to the entire sample. The black dots in
the left panel show the ∆〈RV〉 as a function of PA in steps of 20◦. The dashed line is the sinusoidal fit to the data. The right panel shows
the stellar distributions centered on the cluster center, with rings indicating increments of rh . The blue dots on the distribution plots
correspond to stars classified as first generation, the red dots to second generation stars (see section 3.5). The black dots correspond to
measurements with no population data available.
Table 4. Rotational Analysis for M10. ri/rh and r f /rh are the bin initial and final radii in terms of half-mass radius for the listed
results. PA0 is the position angle corresponding to the minimum of the rotation curve, PA0 = 270 − φ. Vrot is the actual maximum of
the rotational velocity derived from fitting Equation 2 to the rotation curves (see Section 3.1).
ri/rh r f /rh N of Stars PA0 Vrot Vrot Error KS t-student
(o) (km s−1) (km s−1) (%) (%)
0.09 1 69 205 1.14 0.18 2.7 5.5
1 5.8 156 26 0.24 0.18 82.2 95.5
0 5.8 228 190 0.13 0.14 62.9 75.1
test whether different rotation signatures for these popula-
tions could dilute the global rotation profile of the cluster.
In the case of one population rotating with an observable
strength, for example, the non-rotating population stars can
dilute and obscure the signal of the rotating population.
Population membership for M10 was determined fol-
lowing the studies of Gerber et al. (2018) and Carretta et
al. (2009b). For stars in our sample that were measured by
Gerber et al. (2018), we followed their method of separating
stars based on the strength of a CN feature present at ∼3880
A˚. Using the δCN index measurements from that work, stars
with a δCN higher than 0 were identified as second genera-
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Table 5. Rotational Analysis for M71. ri/rh and r f /rh are the bin initial and final radii in terms of half-mass radius for the listed
results. PA0 is the position angle corresponding to the minimum of the rotation curve, PA0 = 270 − φ. Vrot is the actual maximum of
the rotational velocity derived from fitting Equation 2 to the rotation curves (see Section 3.1).
ri/rh r f /rh N of Stars PA0 Vrot Vrot Error KS t-student
(o) (km s−1) (km s−1) (%) (%)
0 1 93 347 0.25 0.06 53.0 20.9
1 1.7 36 270 0.24 0.11 52.5 51.0
0 1.7 129 327 0.21 0.06 80.6 22.0
0 100 200 300
Position Angle (◦)
0.0000
0.0025
0.0050
0.0075
0.0100
0.0125
0.0150
Mean: 207 km s−1
Figure 4. Density histogram of 1000 PA0 measurements from
samples with replacement from the inner region of M10. The red
line is a Gaussian with the mean (dot-dashed line) and dispersion
from 1000 samples.
tion stars, while others were identified as first generation. If
a star was not in the Gerber et al. (2018) sample, we used
the [Na/Fe] abundance from Carretta et al. (2009a) and Car-
retta et al. (2009b) to classify it based on the dividing value
of 0.0 dex. While using two different classification methods
could result in possible systematic offsets, we feel confident
in our method based on the results of Gerber et al. (2018),
which showed that both classification methods agree well
with one another.
Our analysis in M10 shows that the rotation signature
for each population separately is consistent with the global
rotation signature. However, for the inner region, the rota-
tion detected is no longer statistically significant, as a result
of the smaller samples of stars (only 31 in each population).
For M71, stars were classified as described above for
M10, following the method from Gerber et al. (2020). No
significant rotation was detected in either population, con-
sistent with the lack of rotation seen in the full sample. Our
findings are summarized in Table 6 (for M10) and Table 7
(for M71).
4 CONCLUSIONS AND DISCUSSION
In this paper we have carried out a study of the internal
kinematics of two Galactic globular clusters, M10 and M71.
The sample of radial velocities we have used include 107
new velocity measurements for M10 and 78 new velocity
measurements for M71 obtained as part of this study. We
combined our RV measurements with literature data from
Carretta et al. (2009a) for M10, and data from Carretta et
al. (2009a), Cordero et al. (2015), and Cohen et al. (2001)
for M71.
In order to characterize the kinematics of the multi-
ple stellar populations found in these clusters, we have fo-
cused our attention only on velocity measurements of stars
for which the additional spectroscopic data needed to iden-
tify the population membership were available.
We find a non-zero rotation amplitude both in the inner
and the outer regions of M10. However, the statistical tests
performed indicate that the rotation found in the outer re-
gions of this cluster is not statistically significant. For the
inner region (10′′< r < 117′′), we find a marginally signifi-
cant rotation amplitude of Vrot = 1.14 ± 0.18 km s−1 with a
PA0 of 205 ± 34◦. The rotation amplitude we find for M10
is a lower limit because of the unknown inclination of the
cluster, where Vrot = V˜rot sin i and V˜rot is the actual cluster’s
inner rotation velocity.
Using a Plummer model fit, we determine a central ve-
locity dispersion of σ0 = 5.44 ± 0.5 km s−1; the ratio of the
rotation detected in the inner regions of M10 to the central
velocity dispersion is equal to Vrot/σ0 ∼ 0.21. Our analysis
reveals no significant differences between the rotation prop-
erties of the stellar populations hosted by M10.
Our analysis of RV measurements in M71 shows that the
rotation signal found in the inner, outer, and entire sample
is not statistically significant and also for this cluster we find
no significant differences between the rotation properties of
its stellar populations.
Studies of globular cluster evolution and the evolution
of their rotation over time show that as a globular clus-
ter evolves and loses mass, its initial rotation gradually de-
creases as a result of angular momentum redistribution and
loss; initial rotations must have been larger than what is seen
today. This suggests that both M10 and M71 have under-
gone significant dynamical evolution and lost most of their
initial rotation. The lack of any statistically significant dif-
ference between the rotation properties of the multiple pop-
ulations of M10 and M71 is also likely to be due to the effects
of dynamical evolution erasing any primordial difference in
the kinematic properties of multiple populations. While sta-
tistical significance declines because of the reduced sample
size, the amplitude and axis of rotation from the fit for each
population is consistent with the global rotation properties.
Should any memory of initial primordial differences in the
kinematic properties of multiple populations be still present
MNRAS 000, 1–12 (2020)
10 N. Barth et al.
−2
−1
0
1
r < rh
−2
−1
0
1
∆
〈R
V
〉k
m
s−
1
r > rh
0 100 200 300
PA◦
−2
−1
0
1
Entire Sample
−4
−2
0
2
4
Pop I
Pop II
No Pop Data
−4
−2
0
2
4
r
(‘
)
−5.0 −2.5 0.0 2.5 5.0
r (‘)
−4
−2
0
2
4
Figure 5. Same as Figure 3, but for M71. The half mass radius rh for M71 is 146
′′.
Table 6. Rotational Analysis for the multiple populations of M10. ri/rh and r f /rh are the bin initial and final radii in terms
of half-mass radius for the listed results. PA0 is the position angle corresponding to the minimum of the rotation curve, PA0 = 270 − φ.
Vrot is the actual maximum of the rotational velocity derived from fitting Equation 2 to the rotation curves (see Section 3.1).
Population ri/rh r f /rh N of Stars PA0 Vrot Vrot Error KS t-student
(o) (km s−1) (km s−1) (%) (%)
1 0.09 1 31 225 1.11 0.10 14.4 16.6
1 1 5.8 50 69 0.27 0.36 33.8 52.8
1 0 5.8 83 205 0.21 0.22 38.5 73.8
2 0.09 1 31 184 1.14 0.18 38.5 27.4
2 1 5.8 82 326 0.27 0.29 23.5 24.7
2 0 5.8 114 209 0.20 0.15 28.7 37.5
in these clusters, the identification of these differences will
require larger sample sizes.
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Table 7. Rotational Analysis for the multiple populations of M71. ri/rh and r f /rh are the bin initial and final radii in terms
of half-mass radius for the listed results. PA0 is the position angle corresponding to the minimum of the rotation curve, PA0 = 270 − φ.
Vrot is the actual maximum of the rotational velocity derived from fitting Equation 2 to the rotation curves (see Section 3.1).
Population ri/rh r f /rh N of Stars PA0 Vrot Vrot Error KS t-student
(o) (km s−1) (km s−1) (%) (%)
1 0 1 26 68 0.18 0.13 96.4 79.3
1 1 1.7 47 340 0.13 0.08 20.5 96.0
1 0 1.7 73 228 0.08 0.08 67.6 86.2
2 0 1 19 14 0.48 0.15 29.4 17.1
2 1 1.7 35 323 0.58 0.10 47.3 20.9
2 0 1.7 54 339 0.48 0.07 17.2 17.8
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Figure 6. Radial profile of the velocity dispersion in M10. Black
points indicate results from this paper; the solid black line rep-
resents a fit to these data performed with the scale radius (rs)
and the central velocity dispersion (σ0) as free parameters. The
dashed line represents the fit with the scale radius fixed and equal
to the observed projected half-mass radius (rh). The numbers
along the bottom of the graph indicate how many RV measure-
ments are in each bin. Triangles indicate data from the literature
sources identified in the legend and discussed in the text.
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Figure 7. Same as Figure 6, but for M71.
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